Plasticity of the human primary motor cortex (M1) has a critical role in motor control and learning. The cerebellum facilitates these functions using sensory feedback. We investigated whether cerebellar processing of sensory afferent information influences the plasticity of the primary motor cortex (M1). Theta-burst stimulation protocols (TBS), both excitatory and inhibitory, were used to modulate the excitability of the posterior cerebellar cortex and to condition an ongoing M1 plasticity. M1 plasticity was subsequently induced in 2 different ways: by paired associative stimulation (PAS) involving sensory processing and TBS that exclusively involves intracortical circuits of M1. Cerebellar excitation attenuated the PAS-induced M1 plasticity, whereas cerebellar inhibition enhanced and prolonged it. Furthermore, cerebellar inhibition abolished the topography-specific response of PAS-induced M1 plasticity, with the effects spreading to adjacent motor maps. Conversely, cerebellar excitation had no effect on the TBS-induced M1 plasticity. This demonstrates the key role of the cerebellum in priming M1 plasticity, and we propose that it is likely to occur at the thalamic or olivo-dentate nuclear level by influencing the sensory processing. We suggest that such a cerebellar priming of M1 plasticity could shape the impending motor command by favoring or inhibiting the recruitment of several muscle representations.
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Introduction
Central nervous system plasticity is crucial for motor control, learning, memory, and functional reorganization of the damaged cortex. Studies in animals have demonstrated that sensory feedback arising from movements and interactions with the environment are processed by the cerebellum to facilitate motor control and promote motor learning (Nixon 2003; Ben Taib et al. 2005; Chen and Wolpaw 2005; Wolpaw and Chen 2006) . In humans too, imaging studies point to the involvement of the cerebellum (CB) in sensory processing, ranging from active discrimination of texture (Gao et al. 1996) and shape (Roland et al. 1989 ) to monitoring limb movement (Miall et al. 2001 ) and sensory tasks (Jueptner et al. 1997) . Based on this and taking advantage of the noninvasive cerebellar stimulation, we investigated whether cerebellar processing of sensory afferent information influences the plasticity of the primary motor cortex (M1) that potentially underlies motor adaptation/ learning in humans. We hypothesized that cerebellar conditioning (i.e., excitation or inhibition) would either facilitate or block the response of M1 to a plasticity induction protocol that was dependent on sensory afferent stimulation, but not the response to a protocol that was independent of sensory afferent stimulation. To test this, we altered the functioning of the CB by exciting or inhibiting it with an appropriate plasticity induction protocol (Popa et al. 2010) . The effect of cerebellar conditioning was evaluated by subsequently measuring the response of M1 to a plasticity induction protocol applied to M1, which was dependent on or independent of peripheral sensory input. We used paired associative stimulation (PAS) as the plasticity induction protocol that was dependent on peripheral afferent input (Quartarone et al. 2006 ) and theta-burst stimulation (TBS) as the plasticity induction protocol independent of it (Huang et al. 2005) . Cerebellar conditioning was achieved using intermittent TBS to excite the cerebellar cortex and continuous TBS to inhibit it.
Materials and Methods

Subjects
Twenty-four healthy volunteers (15 women and 8 men; mean age 32.6 ± 6.6 years) participated in the study. All subjects were right handed.
Experimental procedures were approved by the local Ethics Committee and performed according to the ethical standards laid down in the Declaration of Helsinki. All subjects gave their written informed consent before the experiments.
Electromyographic Recordings
The subjects were seated comfortably in an armchair, with the 2 hands resting symmetrically on a pillow placed on their lap. They were asked to visually fix a point 1 m in front of them. Motor evoked potentials (MEPs) were recorded from the right Abductor pollicis brevis (APB) and Abductor digiti minimi (ADM), using disposable Ag/AgCl surface electrodes in a muscle belly--tendon montage. Responses were amplified (10003) and filtered (100--3000 Hz) with a Digitimer D360 amplifier (Digitimer Ltd, Welwyn Garden City, UK), then digitally transformed at a sampling rate of 10 000 Hz (CED Power 1401 MkII, Cambridge Electronic Design (CED) Ltd, Cambridge, UK), and stored off-line for analysis (Signal 4.02, CED Ltd, Cambridge, UK).
Experimental Paradigm
The study consisted of 3 sessions involving 25 ms PAS delivered at 5 Hz on the M1 (PAS) and 3 sessions involving intermittent TBS on the M1 (iTBS M1 ), as the plasticity inducing protocols at the level of M1. The 2 protocols were chosen in such a way as to have both facilitatory effects on M1 and similar durations (i.e., 2 min for the 5 Hz PAS and 3 min 20 s for the iTBS), but to be dependent and independent of peripheral input, respectively.
The PAS sessions were: 1) a PAS session preceded by cerebellar excitation (iTBS CB / PAS), 2) a PAS session preceded by cerebellar inhibition (cTBS CB / PAS), 3) a PAS session alone, not preceded by any cerebellar stimulation (PAS). The iTBS M1 sessions were: 4) a facilitatory TBS session preceded by cerebellar excitation (iTBS CB / iTBS M1 ), 5) a facilitatory TBS session preceded by cerebellar inhibition (cTBS CB / iTBS M1 ), and 6) a facilitatory TBS session alone, not preceded by any cerebellar stimulation (iTBS M1 ). Any 2 successive sessions were conducted at least 1 week apart. The order of interventions was pseudorandomized across the subjects.
The same 14 subjects underwent sessions 1--5 (PAS, iTBS CB / PAS, cTBS CB / PAS, iTBS M1 , iTBS CB / iTBS M1 ), 9 subjects (of which 7 new) participated in the session 6 (cTBS CB / iTBS M1 ). The new subjects who participated to the session 6 had their own control (iTBS M1 ) recorded separately. The change in the excitability of the M1 before and after each intervention was measured by using single-pulse transcranial magnetic stimulation (TMS) to evoke EMG responses (i.e., MEPs) in the APB and ADM. The APB, innervated by median nerve, which is stimulated during the PAS protocol, was the target muscle; the ADM, innervated by the unstimulated ulnar nerve, was the reference muscle to assess the topographic specificity of cortical changes induced by each intervention. TMS pulses were delivered above the motor threshold over the APB's ''motor hot-spot'' (the point within M1 where evoked MEPs have maximum amplitude for APB). The cortical representation of APB and ADM are close enough for consistent measurable MEPs to be evoked simultaneously in both muscles. This allows exploring the topographic specificity of the effects (Weise et al. 2006 (Weise et al. , 2011 Quartarone et al. 2008) .
We also performed a control set of experiments in 6 subjects to explore the effect of excitatory cerebellar conditioning preceding PAS (iTBS CB / PAS) on the response of primary somatosensory cortex (S1). This was compared with the response to PAS alone without cerebellar conditioning (PAS). We used the P14/N20 amplitude of the somatosensory evoked potentials (SEPs) as the measure of the subcortical relays and the N20/P25 amplitude of the SEPs as the measure of the S1 response. Seven subjects (of which 3 new) participated in the SEP sessions.
TMS Sessions
Evaluation of Corticospinal Output Excitability
The TMS pulses were applied over the left motor cortex with a 70-mm figure-of-eight coil connected to a Bistim magnetic stimulator (The Magstim Company, Whitland, UK). The magnetic stimuli had a nearly monophasic pulse configuration, with a rise time of approximately 0.1 ms, decaying back to zero over approximately 0.8 ms. The optimal position and coil tilt for eliciting MEPs from the right APB muscle were recorded and maintained throughout the experimental sessions with the help of an magnetic resonance imaging (MRI)-based neuronavigation system (eXimia 2.2.0, Nextim Ltd, Helsinki, Finland) or were marked on a head bonnet for the subjects whose MRI was not available. The direction of the induced current was posterior to anterior at an approximately 45°from the midline, for optimal trans-synaptic activation of the motor cortex (Werhahn et al. 1994; Kaneko et al. 1996) .
After identifying and recording the positions of the stimulation spot, the resting motor threshold (RMT) was calculated for APB. The RMT was defined as the lowest intensity that produced MEPs of >50 lV in at least 5 of 10 trials with the muscles relaxed (Rossini et al. 1994) . The active motor threshold (AMT) was also measured. The AMT was defined as the lowest intensity that produced MEPs of >0.2 mV in at least 5 of 10 trials when the subject exerted 10% of maximum voluntary contraction using visual feedback (Rothwell 1997) .
Twenty MEPs were averaged prior to the intervention and 15 MEPs were averaged 5, 10, 15, 25--40, and 45--60 min after the end of the intervention. The intensity was adjusted and kept at 130% of the RMT.
Cerebellar Stimulation Target
Previous studies have correlated motor tasks with activation in lobules V, VI, VIIIa, and VIIIb of the CB (Stoodley and Schmahmann 2009 ). Tactile stimulation is also reported to activate sensorimotor hand areas in the cerebellar cortex (lobules VI and VIIIb), as well as in the inferior olive (Bushara et al. 2001; Grodd et al. 2001; Wu et al. 2010) . Lobules V and VI are very deep and not readily accessible to TMS stimulation. We chose lobule VIII of CB as the target. In the subjects having their own MRI (N = 5), lobule VIII was identified on the MRI, and the TMS coil was placed and maintained over the target with the help of the neuronavigation system. In these subjects, we measured, on the vertical and horizontal axis, the distance relative to the inion of the cerebellar spot. The mean distances were 2 cm lower and 4 cm lateral to the inion ( Fig. 1) , that is, lower and more lateral than the classical surface landmarks for cerebellar stimulation (Theoret et al. 2001 ). These latter landmarks were used for the subjects who did not have their own MRI. The current induced by stimulation of this location has a vertical and caudal to rostral orientation, a direction previously found to be optimal for inducing a measurable effect (Ugawa et al. 1995; Theoret et al. 2001 ).
TBS of M1 and CB
A 70-mm figure-of-eight cooled coil connected to a SuperRapid 2 magnetic stimulator (Magstim Company, Whitland, Wales, UK) was used to deliver the repetitive stimulation to right CB and left M1. The target in left M1 was APB's hotspot. The magnetic stimulus had a biphasic waveform with a pulse width of 0.3 ms.
For excitatory protocols targeting the CB (iTBS CB ) or the motor cortex (iTBS M1 ), 600 stimuli were delivered at 80% of the AMT in 3-pulse bursts at 50 Hz repeated every 200 ms within 2-s trains and separated by 8-s pauses (i.e., intermittent TBS). For cerebellar inhibition (cTBS CB ), 600 stimuli were delivered at 80% of the AMT in 3-pulse bursts at 50 Hz repeated every 200 ms (i.e., continuous TBS) (Huang et al. 2005) . Such stimulations can modulate the cerebellar output for at least 30 min (Popa et al. 2010) . The stimulation intensities used in this study are well below the maximum limit recommended by the current guidelines for delivering repeated transcranial magnetic stimulation (rTMS) (Wassermann 1998 ; rediscussed and updated by Rossi et al. 2009 ).
PAS of M1
For PAS, electric stimulation pulses were delivered over the median nerve at the wrist at 2.53 the sensory threshold. If it induced any twitch, the intensity was decreased until the electromyographically monitored twitch disappeared. Each pulse was followed 25 ms later by a magnetic pulse delivered over the APB's hotspot at 90% AMT. Six hundred pairs of stimuli were delivered at 5 Hz. This stimulation was meant to increase the excitability of M1 when delivered alone (Quartarone et al. 2006) .
All experiments were performed in the afternoon in order to maximize plastic effects and to reduce variability (Sale et al. 2007 ).
The SEPs
In this experimental paradigm, the SEPs were tested before and after PAS and before and after PAS preceded by excitatory cerebellar conditioning (iTBS CB / PAS). SEPs were measured in 6 blocks every 5 min until 30 min after the end of the interventions. Each block of SEPs consisted of 500 pulses delivered over the right median nerve at the wrist with a frequency of 3 Hz, at 33 the perceptual threshold or immediately below the electromyographically measured motor threshold, whichever of the 2 was lower. Online EMG monitoring assured that no muscle twitch was evoked in any of the recorded subjects. The SEPs were recorded with Ag/AgCl surface electrodes in a P3--to--earlobe montage. Responses were amplified (100 0003) and filtered (20--3000 Hz) with a Digitimer D360 amplifier, then digitally transformed at a sampling rate of 1024 Hz (CED Power 1401 MkII) and stored off-line for analysis (Signal 4.02).
Data Analysis
The effects of the interventions 1--6 on the excitability of M1 neurons were evaluated by comparing the mean peak-to-peak amplitude of MEPs from APB and ADM before and after each intervention. To avoid possible differences due to intersession variability of individual MEP amplitudes, we analyzed the postintervention mean MEPs normalized to the preintervention mean MEP. The effects of the interventions 1 and 3 (i.e., iTBS CB / PAS and PAS) on the SEPs were evaluated by comparing the mean P14-N20 and N20--P25 amplitudes before and after each intervention, normalized to their baseline. Each parameter was submitted to repetitive-measures analysis of variance (ANOVA), with TIME as the main within-group factor and INTERVENTION as the main between-group factor. When a significant main effect was seen, Fisher's post hoc test was used to characterize the time course of the parameters after each type of intervention and to compare the interventions 2 3 2. As the group of subjects undergoing intervention 1--5 did not completely match the group undergoing intervention 6, the data from the 2 groups were submitted to separate analysis.
For all statistical analyses, a P value of <0.05 was assumed to denote significance. Stat View software (SAS Institute Inc, Cary, NC, USA) was used for all statistical analyses.
Results
The subjects did not report any adverse effects after any of the interventions. There was also no clinically evident motor impairment (e.g., cerebellar tremor) at the end of any session.
Effect of Cerebellar Conditioning on PAS
There were no statistically significant differences between the MEP amplitudes at baseline of all session (Supplementary Table  1 ). PAS delivered without cerebellar conditioning led to MEP facilitation only in the APB, lasting for more than 15 min ( Fig. 2A , PAS/APB panel: continuous gray line). Interestingly, cerebellar inhibition (cTBS CB / PAS) enhanced the effect of the subsequent PAS. Indeed MEP facilitation was larger and prolonged, lasting more than 50 min post intervention (P < 0.001) ( Fig. 2A , PAS/APB panel: dashed black line). In contrast, cerebellar excitation (iTBS CB / PAS) prevented the subsequent PAS from inducing any MEP facilitation: MEPs maintained the same level as before the intervention ( Fig. 2A , PAS/APB panel: continuous black line). On the other hand, cerebellar excitation had no effect on M1 plasticity evoked by facilitatory TBS (iTBS CB / iTBS M1 ). Indeed, the MEP profile was similar to the profile evoked by the facilitatory TBS of M1 without cerebellar conditioning (iTBS M1 ). This was confirmed by repeated-measures ANOVA that revealed a significant effect of INTERVENTION (i.e., PAS, iTBS CB / PAS, cTBS CB / PAS, iTBS M1 , iTBS CB / iTBS M1 ) (F 4,55 = 13.4, P < 0.0001), TIME (F 4,55 = 18.9, P < 0.0001), as well as their interaction (F 16,55 = 4.4, P < Figure 2 . Mean MEPs after each intervention: (A) The ''PAS'' panels show the effects of PAS and of the cerebellar priming on PAS in the same group of subjects. The iTBS M1 panels show the effects of iTBS M1 alone and of the cerebellar priming on iTBS M1 in the same group of subjects, except for the cTBS M1 / iTBS M1 protocol that was performed as a control experiment on a separate set of subjects (analyzed separately vs. their own iTBS M1 session). The MEPs were averaged at several time points before and after each plasticity inducing protocol, then normalized to the prestimulation mean values. Data are presented as means ± standard error. (*) indicates normalized mean MEP amplitudes significantly different from the values obtained after PAS alone (in the ''PAS'' panels) and after iTBS M1 alone (in the ''iTBS M1 '' panels) at corresponding time points. (B) Examples of nonnormalized mean MEPs from the same subject (except the cTBS CB / iTBS M1 session) representative for each session.
0.0001), with significant post hoc differences at 10 and 15 min postintervention (Fisher's test: post5 vs. post10 P < 0.0001, post5 vs. post15 P < 0.0001). Cerebellar excitation as well as cerebellar inhibition modified the PAS-induced effect (Fisher's test: iTBS CB / PAS vs. PAS P < 0.002, cTBS CB / PAS vs. PAS P < 0.0002, iTBS CB / PAS vs. cTBS CB / PAS P < 0.0001). In contrast, cerebellar excitation did not modify the effect of the facilitatory TBS of M1 (Fisher's test: iTBS CB / iTBS M1 vs. iTBS M1 P = 0.2). The 2 excitatory protocols on M1 without the cerebellar excitatory conditioning had similar effects (PAS vs. iTBS M1 P = 0.3). The repeated-measures ANOVA on the group that had both cTBS CB / iTBS M1 and iTBS M1 alone revealed no significant influence of the cerebellar inhibition on the M1 excitation (INTERVENTON: P = 0.64), both having a similar time profile (TIME: F 4,16 = 3.4, P < 0.014). The repeatedmeasures ANOVA did not reveal any significant changes for the MEPs of ADM in this group: no effect of INTERVENTION (P = 0.99) or TIME (P = 0.1). In conclusion, cerebellar conditioning has an effect only on PAS-induced plasticity of M1.
In order to explore the topographic specificity of the 5 interventions, we analyzed the MEPs of the nontarget muscle ADM. We found that the inhibitory cerebellar conditioning resulted in a long lasting facilitation of the PAS effect in ADM as in APB, indicating a loss of the topographic specificity. All the other 5 interventions did not bring any changes in the MEPs of ADM, indicating a preserved topographic specificity ( Fig. 2A , ADM panels). This was confirmed by the repeated-measures ANOVA: INTERVENTION (F 4,55 = 3.3, P < 0.02) and no effect of TIME (F 4,55 = 1.4, P = 0.3) or INTERVENTION 3 TIME interaction (F 16,55 = 1.4, P = 0.1). Only cerebellar inhibition affected the PAS-induced effect on ADM (Fisher's test: cTBS CB / PAS vs. PAS P < 0.02, iTBS CB / PAS vs. PAS P = 0.6, cTBS CB / PAS vs. iTBS CB / PAS P < 0.007, iTBS CB / iTBS M1 vs. iTBS M1 P = 0.2).
Effect of Cerebellar Conditioning of PAS on SEPs
Contrasting with the capability of cerebellar excitatory conditioning to block the enhancement of MEPs induced by PAS, cerebellar excitation did not significantly modify the effect of PAS (Fig. 3) on the P14/N20 subcortical components of SEPs (repeated-measures ANOVA: INTERVENTION F 1,10 = 1.4, P = 0.2; TIME F 6,10 = 0.4, P = 0.89), or the N20/P25 cortical components of SEPs (repeated-measure ANOVA: INTERVEN-TION F 1,10 = 0.83, P = 0.4; TIME F 6,10 = 0.34, P = 0.9). There were no statistically significant differences between the 2 interventions regarding the latencies of the peaks that mark the discharge of the subcortical and of the cortical sensory relays: the P14 latency at baseline was 14.8 ± 0.3 ms, after PAS 14.7 ± 0.4 ms (P = 0.8), and after iTBS CB / PAS 14.7 ± 0.5 ms (P = 0.9), while the N20 latency at baseline was 20.0 ± 0.6 ms, after PAS it was 20.3 ± 0.6 ms (P = 0.4), and after iTBS CB / PAS, it was 20.1 ± 0.5 ms (P = 0.6). Further exploration of the effect of cerebellar stimulation on SEPs is outside of the scope of the present study and needs additional experiments.
Discussion
The results of our study support our initial hypothesis that cerebellar excitation or inhibition would alter the response of the motor cortex to different plasticity induction protocols depending on the presence or the absence of a sensory afferent component in the protocol. The cerebellar excitation caused a topographically specific loss of induction of plastic changes in M1 (only in the target muscle) when PAS was applied, while the cerebellar inhibition led to an enhanced response of the M1 to PAS along with a loss in topographic specificity (changes both in the target and the reference muscle). Furthermore, the cerebellar excitation did not alter the response of the M1 to excitatory TBS. From this, we infer that the role of CB in shaping and scaling plasticity of the motor cortex is exerted through a modulation of the peripheral sensory afferents.
Homeostatic Changes within M1 versus Subcortical Sensory Gating
Previous studies that have examined the effect of cerebellar stimulation on corticospinal tract excitability using low-frequency (1 Hz) rTMS of the lateral CB have found contrasting results showing either no changes in MEP amplitudes (Fierro et al. 2007; Popa et al. 2010) or facilitation (Gerschlager et al. 2002; Oliveri et al. 2005) . These studies viewed the response of M1 as an almost direct chain effect from the cerebellar nuclei through the thalamus to the motor cortex. One single study using TBS to modulate the cerebellar output has shown that excitatory TBS led to a facilitation of MEPs, while inhibitory TBS led to an inhibition of MEPs, both up to 15 min (Koch et al. 2008 ). The authors acknowledge that the result is apparently counterintuitive with respect to the 1 Hz stimulation and speculate, for the first time, that the TBS might have an effect on the intermediate synapses of the dentato-thalamo-cortical pathway, rather than at the M1 level. Our present results bring further support to this hypothesis, even if the findings regarding the effects of cerebellar TBS on MEP remain debatable (Popa et al. 2010) .
Homeostatic mechanisms contribute to the regulation of human M1 plasticity, in agreement with the Bienenstock--Cooper--Munro rule of a sliding threshold for long-term potentiation (LTP) or depression (LTD) induction (Bienenstock et al. 1982 ). According to this principle, any change in the M1 homeostatic state (even if remotely induced) would condition the effect of any subsequent intervention. Such a mechanism would explain, for instance, why priming of motor cortex with an LTP-inducing protocol prevents further enhancement of M1 excitability in response to a second LTPinducing protocol, while priming of motor cortex with an LTDinducing protocol enhances the M1 excitability in response to a second LTP-inducing protocol (Muller et al. 2007 ). Several studies (Iyer et al. 2003; Lang et al. 2004; Siebner et al. 2004) have shown that after priming M1 with an LTD-inducing protocol, a subsequent stimulation can have a reverse effect, thus underscoring the importance of a priming phenomenon on any subsequent event impinging on the same stimulated structure. In our study, both PAS and iTBS, being excitatory for M1, should have modified the MEPs in the same way, that is, enhance the MEPs if they find M1 excitability decreased by the cerebellar priming and diminish the MEPs if they find M1 excitability increased by the cerebellar priming. We have found that iTBS CB influences PAS and the facilitatory TBS applied over M1 differently ( Fig. 2A: continuous black line vs. dotted black line), suggesting that a ''splitting'' of the effect occurs upstream of CB before M1. It is therefore reasonable to consider the M1 response to PAS after cerebellar stimulation more as a change in the way the information is conveyed to M1, rather than homeostatic phenomenon within the M1. From this perspective, the targets modulated by the cerebellar output might be the structures that process or relay the afferent information before reaching M1.
There are 5 possible main sites where this influence of cerebellar modulation might occur: 1) primary somatosensory cortex, 2) premotor cortex (PMC), 3) thalamus, 4) cerebelloolivary complex, and 5) spinal cord.
Effect of Cerebellar Modulation Acting at the Somatosensory Cortex
We performed additional control experiments using SEPs to investigate whether cerebellar modulation can influence the primary somatosensory cortex output that could explain the subsequent divergent response within the motor cortex. We found that cerebellar excitation did not significantly modify the effect of PAS on the cortical components of SEPs (N20/P25), although a trend to enhance them was observed only from 15 min onwards. Even if this enhancement were significant, it would not explain the very early alteration of the M1 response, which was already evident at 5 min postintervention ( Fig. 2A:  continuous black line) . The depressant effect of cerebellar conditioning on M1 response to PAS is thus unlikely to primarily involve the somatosensory cortex.
Effect of Cerebellar Modulation Acting at the PMC It was recently shown in macaque monkeys that Purkinje cells from lobules III--VIII project to the F2r area (Hashimoto et al. 2010) , the equivalent of the dorsal PMC in humans. These lobules include sections (lobules IV--VI, VIIB, and VIII) linked to the arm area of M1 (Kelly and Strick 2003) . Since our stimulation for cerebellar conditioning was targeting lobule VIII, it is reasonable to think that it might have simultaneously modulated output toward both M1 and PMC. Previous studies have shown that facilitatory rTMS conditioning of the PMC can invert the effects of a facilitatory PAS delivered over the M1, while an inhibitory conditioning of the PMC can invert the effects of an inhibitory PAS (Po¨tter-Nerger et al. 2009 ). In order to have a facilitation of the PMC output, there should be an increased facilitatory output in the dentato-thalamo-cortical pathway, which would occur after an inhibition of the cerebellar cortex. Instead, in our study, the blocking of the facilitatory PAS effect was seen after iTBS CB .
There are no reports in the literature about the effect of an inhibitory stimulation of the PMC on a facilitatory PAS delivered over M1. However, inhibitory 1 Hz rTMS of PMC is reported to decrease the excitability of M1 (Gerschlager, Neurology 2001) , which would favor PAS applied to M1 though a metaplastic effect (Muller et al. 2007 ). An inhibition of PMC could follow a reduction in dentate-thalamo-cortical output triggered by iTBS CB . Yet, we observed the opposite: iTBS CB blocked PAS, and it was cTBS CB that enhanced it.
These evidences suggest that the cerebellar conditioning is unlikely to be through the PMC.
Effect of Cerebellar Modulation Acting at the Thalamic Nuclei
Cerebellar projections have an obligatory relay in the posterior part of the ventrolateral (VLp) thalamic nucleus (ventral intermediate nucleus in the classification of Hassler 1959) before reaching cortical motor areas (Asanuma et al. 1983; Sakai et al. 1996) , while somatosensory inputs traveling through the spinothalamic pathways toward S1 relay in the ventral posterior nucleus. There is evidence that some spinothalamic terminals end in clusters around the neurons in the VLp nucleus projecting to motor cortex, making them a more likely route for short-latency somatosensory inputs to be relayed to the motor cortex (Hirai and Jones 1988) . Moreover, thalamic neurons, which respond to kinesthetic stimuli in awake humans (Ohye et al. 1989 ) and monkeys (Vitek et al. 1994 ), seem to be in a close functional relationship with magnocellular neurons receiving cerebellar projections in VLp (Butler et al. 1992 ). This evidence suggests that at least some of the cerebellar control of proprioceptive information might occur at the level of thalamic neurons before reaching cortical motor areas. Thalamic neurons responsive to kinesthetic stimuli, if controlled by cerebellar projections, seem ideally positioned to fine-tune a motor command within the motor cortex (Fig. 3A) . If this were true, then cerebellar excitatory stimulation could induce LTP-like effects in cerebellar cortex and subsequently augment the normal inhibitory output of cerebellar Purkinje cells to cerebellar deep nuclei, which would result in a reduction of the deep cerebellar nuclear excitatory output to the thalamic neurons. This in turn would increase the threshold necessary to facilitate the transmission of kinesthetic information to M1, manifesting as reduced facilitation of MEP in response to a sensory afferentdependent LTP-induction protocol on M1 (i.e., PAS). In contrast, cerebellar inhibition can induce LTD-like effects within the cerebellar cortex (Popa et al. 2010) , thus reducing the normal cerebellar cortical inhibition of dentate nuclear neurons and facilitating excitatory output toward the thalamic relay, which will promote M1 plasticity. The changes in M1 plasticity by cerebellar excitation and inhibition found in our study are congruent with such a gating effect of sensory information by the CB at the thalamus.
Effect of Cerebellar Modulation on Normal Olivo-Dentate Sensory Processing
Sensory information, such as the one from the median nerve stimulation in PAS, is conveyed directly to the thalamic nuclei, but it can concomitantly activate afferent pathways projecting to the CB though the spino-inferior olivary (IO) fasciculus and the spino-cuneo-cerebellar tract. Both these pathways send excitatory projections to both the cerebellar cortex and the cerebellar nuclei in a somatotopic manner, which ensures that the spinal modulatory inputs within the deep cerebellar and the cerebellar cortical maps on the ipsilateral side correspond with the spinal projection to thalamic and cerebral cortical maps on the contralateral side (Alisky and Tolbert 1997; De Zeeuw et al. 1998) . Additionally, the IO nucleus responds to unexpected stimuli that, by definition, are not self-generated by active movements (Eccles et al. 1972; Gellman et al. 1985) . This property of IO nucleus, coupled with the convergence of ascending peripheral and descending cortical inputs on it, suggest that the IO-cerebellar complex might work as an unexpected-event detector that modulates responses to peripheral inputs not anticipated by the previously generated movement model (Ekerot 1999; Llinas 2009 ). The peripheral electrical stimulation in PAS could act as a stream of non--selfgenerated afferent impulses that activate the olivo-dentatothalamo-cortical (Fig. 4B ) system and keep it in a hyperresponsive state. A similar state could result from a direct activation of the dentate nucleus via the spinocerebellar tracts (Allen et al. 1977 (Allen et al. , 1978 . The TMS stimuli applied to the motor cortex during PAS could utilize this hyperresponsive state to facilitate an LTP in M1. An artificial excitation by TBS of the cerebellar cortex could depress the response of the dentate nucleus, which could then not mediate the PAS response efficiently; on the other hand, an inhibition of the cerebellar cortex by the appropriate TBS protocol could facilitate the dentate nucleus and the dentato-thalamo-cortical relay and enhance PAS response (Fig. 4B) .
Effect of Cerebellar Modulation Acting at the Spinal Level via the Rubrospinal Tract
Modulation of cerebellar output might also cause facilitation of MEP by inducing plastic changes in spinal motor neurons through the cerebello-rubro-spinal relay (Nathan and Smith 1982; Cheney et al. 1991; Ralston 1994) . Indeed, Meunier et al. (2007) have shown that PAS by itself can induce plastic changes in humans not only at the cortical level, as reflected by an increase in MEP amplitude elicited by cortical stimulation, but also at the spinal level. The authors raised the possibility that this MEP facilitation could be due more to the development of spinal plasticity than to genuine cortical plasticity. Lamy et al. (2010) further demonstrated that PAS affects the H-reflex by acting at a presynaptic level. If there were a possible direct influence of cerebellar excitation or inhibition on spinal circuits, it would arrive at the spinal level via the cerebellar nucleorubral tract (Ralston 1994) and then the rubrospinal tract (Nathan and Smith 1982; Cheney et al. 1991) , which projects at a presynaptic level on the spinal motor circuit (Rudomin et al. 1981; Jankowska 1988) . If the cerebellar conditioning interferes with the descending volley in the cerebellorubral and rubrospinal tracts and their secondorder relay in spinal motor neurons, then cerebellar conditioning should influence the M1 response to both the TBS-induced as well as PAS-induced plasticity. On the contrary, we found that cerebellar excitation had no effect on M1 plasticity induced by excitatory TBS to M1, while it attenuated M1 plasticity induced by PAS. We can therefore exclude an alteration in the descending cerebello-rubro-spinal output secondary to cerebellar conditioning as a potential site of cerebellar modulation of motor plasticity.
What Might Be the Physiological Role of Cerebellar Conditioning of M1 Plasticity? Interestingly, the contrasting effects of cerebellar excitation and inhibition observed in our study on the MEPs from APB and ADM, 2 muscles with topographically close cortical representations, support a highly discriminating role of cerebellar excitatory and inhibitory functional outputs to M1. A similar phenomenon has been observed by Kassavetis et al. (2011) in 2 intrinsic hand muscles. The authors found that while MEP is facilitated only in the activated muscle, the cerebellar inhibition of the contralateral M1 (Ugawa et al. 1995 ) is suppressed for both the active and the inactive muscle during the initiation of voluntary movement. They postulated that this loss of topographic specificity affecting both the active and surrounding muscles at onset of the movement might be responsible for bringing the motor system to a state of preparedness for the impending voluntary movement. This would allow efficient subsequent corrections to be performed. We extend this postulation to our observations. It may explain why inhibitory cerebellar conditioning (i.e., cTBS CB ) resulted in a nonfocal heightened response of M1 to PAS with spread to adjacent cortical maps. According to the rules of metaplasticity, in such a preexcited system, the muscle contraction sequence during a movement would be more easily ''trimmed'' by intracortical inhibitory mechanisms. On the contrary, excitatory cerebellar conditioning totally suppressed any response to PAS. Again, according to metaplasticity rules, the recruitment of a specific neuronal population may be facilitated in a preinhibited system, enabling a quick reaction to a given sensory context.
We propose that the paradigms used in our experiments for inducing cerebellar excitation and inhibition are equivalent to artificial prolongations of physiological phenomena that normally occur on a millisecond scale during movement planning. In particular, excitation of the cerebellar cortex would inhibit the ipsilateral dentate output (Ito et al. 2007 ), which could then weaken the excitatory control of thalamic or the olivodentate sensory relay and their effects on M1 plasticity, leaving M1 in a metaplastic state less amenable to further plastic modifications. Physiologically, such a phenomenon in M1 could help prevent the acquisition of elements of a new motor program from sources external to M1. In contrast, inhibition of the cerebellar cortex would disinhibit the dentate output, which would either enhance the excitatory thalamic relay or facilitate the olivo-nuclear complex control, permitting other inputs to induce a plastic change in M1, thus possibly contributing to the acquisition of elements of a new motor program. From this perspective, a complex movement could be seen as a succession of simple movements continuously anticipated and preplanned for efficient execution. This would explain the activation of the posterior neocerebellum (target in our experiment) during complex movements (Stoodley and Schmahmann 2009; Schlerf et al. 2010 ) and during the learning of a new motor task (Orban et al. 2006; Olsson et al. 2008; Seidler and Noll 2008) .
It is worth observing that the loss of PAS specificity to the target muscle after cerebellar inhibition closely resembles that observed in dystonic patients (Weise et al. 2006 (Weise et al. , 2011 Quartarone et al. 2008 ). This could bring additional support to the increasingly recognized role of the CB in the pathophysiology of dystonia (Argyelan et al. 2009; Wu et al. 2009 ).
In conclusion, we show that modulation of the cerebellar cortex by noninvasive stimulation can affect the response of M1 cortex to a subsequent plasticity induction protocol that involves sensory afferent input but not otherwise. This remote cerebellar effect on M1 could be mediated by gating of sensory information at the thalamic or olivo-nuclear level. We propose that cerebellar processing of sensory inputs can prime the motor cortex plasticity in a topographically specific manner. This could help organize the impending motor command by favoring or inhibiting the recruitment of several muscle representations. These observations represent a starting point both for noninvasive studies of deep-structure physiology and for therapeutic manipulation of subcortical brain plasticity. 
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